We produced nanopits on a highly oriented pyrolytic graphite substrate arranged in a given pattern with a combination of focused ion beam ͑FIB͒ irradiation and an oxidation process. The FIB irradiation was carried out using a dedicated FIB nanofabrication tool ͓J. Gierak et al., Appl. Phys. A: Mater. Sci. Process. A80, 187 ͑2005͔͒. After oxidation of the sample surface, defects produced by single ions were imaged as one monolayer deep nanopits with scanning tunneling microscopy. The penetration depth of the ions could be measured by oxidation of the defective volume produced on points irradiated with high ion doses. An array of well separated nanopits with a periodicity of 50 nm could be produced.
I. INTRODUCTION
Lithography methods such as electron beam and ion beam lithographies 1,2 allow nanofabrication 3 below 10 nm. Another method for nanofabrication is the controlled growth of nanostructures. Basic elements for this procedure are clusters, i.e., nanometer sized particles. The use of clusters in industry is already established: catalysts and coloration are prime examples. In future applications, magnetic 4 or optically activated clusters 5 may be used for data processing. In order to use the clusters for this task it is necessary to produce them in a controlled pattern.
One method to produce clusters is metal deposition on nanometer sized pits called nanopits in highly oriented pyrolytic graphite ͑HOPG͒. 6 The atoms deposited on the sample condense at the edges of the nanopits and build clusters. With this production method the clusters are fixed to the pits and thus they are stable, e.g., with respect to thermally activated diffusion or movements induced by the tip of a scanning probe microscope.
In previous experiments 7 we developed a procedure to produce nanometer sized pits on a HOPG sample by sputtering with argon ions and a following oxidation. The density of defects is determined by the number of incident ions which is given by the ion flux and sputter time. The width of the pits is given by the parameters of the oxidation process. We optimized the parameters to get nanopits which are a few nanometers wide and only one monolayer ͑Ϸ0.34 nm͒ deep. The pit density was set typically to ten pits per 100 ϫ 100 nm 2 distributed at random locations on the surface. The controlled fabrication of nanopits, 8 which allows ideally the fabrication of arranged clusters, is the main topic of the present study. A focused beam of gallium ions accelerated by a voltage of about 30 kV is used instead of argon ions, which allows the production of defects at given positions on the substrate. The oxidation process remains unchanged. The focused ion beam ͑FIB͒ facility used for the experiments described here was developed within the NanoFIB™ project. 9 With this facility different nanostructures were already fabricated 1 and feature sizes below 10 nm could be achieved.
In the first set of experiments we varied the ion dose to determine what dose is needed to obtain well defined nanostructures after the oxidation process. With an optimized ion beam focus and dose, we could produce well separated nanopits in a rectangular lattice with 50 nm pitch.
II. EXPERIMENT
The experimental sequence of the nanopit production consists of the ion bombardment with FIB and the oxidation process. The resulting nanostructured surface is examined with scanning tunneling microscopy ͑STM͒.
The ions in the FIB facility are produced with a liquidmetal ion source ͑LMIS͒.
10,11 A tungsten tip is wetted with liquid gallium where it forms a gallium droplet. Gallium is used, since it is liquid at room temperature and does not need a heating stage. The LMIS produces ion emission from the apex region of a liquid-metal cone created by a strong electric field. 12, 13 The ion beam is focused on the substrate and can be deflected laterally to perform the preprogrammed nanopatterning on the sample.
14 The FIB column is designed for a resolution below 10 nm confirmed by other experiments. 1 The defects produced with FIB are oxidized in an oven with the same parameters as used in Ref. 7 . It can be floated with different gases. The oven is heated to 1000°C using a nitrogen atmosphere to remove impurities, in particular, water, before inserting the sample. Then we cool down the oven to a well defined temperature of 540°C. Finally, we change the gas to an Ar/ O 2 mixture ͑2% oxygen͒ and insert the HOPG sample. We maintain a constant flow rate across the oven to keep the oxygen density constant and avoid outside air from entering. An oxidation time of 200 min produces nanopits with a diameter of a few nanometers. Only the first monolayer starting at surface defects produced by the ion bombardment oxidizes. 15 In former works, 6 using Ar ions a͒ Author to whom correspondence should be addressed; electronic mail: hoevel@physik.uni-dortmund.de with 1 keV kinetic energy, we estimated by comparison of the ion dose and the number of nanopits that a surface defect which can be oxidized to a nanopit occurs approximately for every tenth incident ion ͑i.e., only every tenth ion produces a corresponding defect in the first graphite monolayer.͒ The case of FIB irradiation will be discussed in detail in the next sections. We used a low temperature scanning tunneling microscope ͑LT-STM͒, described elsewhere, 16 to study the defects before the oxidation step and the resulting nanopits after oxidation. For stable imaging we can cool down the STM with liquid nitrogen or liquid helium to 78 or 5 K, respectively. Here we measured all samples at liquid nitrogen temperature. Figure 1 shows an optical microscopy image of the investigated HOPG sample structured with FIB. Sixteen areas exposed with 35 keV gallium ions were placed on the sample. The lower part shows the structured region between two markers for one field. A lattice of defect points was etched and the arrows between them show the write direction. The distance between two lattice points is the same for all areas and amounts to 300 nm. The ion dose given in ions/point is determined by the waiting time of the ion beam on one point and the constant ion current of 6 pA. The ion dose was doubled by the transition from area to area, thus we have 16 areas with very different ion doses. The values are summarized below in Table I . In the optical microscopy image the areas exposed with highest ion doses are visible due to the significant surface damage. In this experimental run the ion beam instrument was operated in a defocused mode, which resulted in feature sizes of about 150 nm and an irregular shape. Results with high resolution are presented in the next section.
III. RESULTS

A. Variation of the ion dose
Of special interest are the results for very low and very high ion doses. For areas structured with low ion doses of 100-1000 ions per lattice point, the results are comparable to previous experiments for the production of nanopits. 6 Before oxidation no defects were visible in the STM images for areas structured with ion doses lower than 2000 ions/ point. After oxidation we observed in areas 1-3 an increase of the nanopit density but no special pattern. For the next areas an arrangement of the one monolayer deep nanopits emerges. Specially, areas 5 and 6 exhibit nanopits arranged in rows with a distance of 300 nm ͓Fig. 2͑a͔͒. These rows are due to the writing process ͑cf. arrows in Fig TABLE I. Comparison of the ion dose and the pit density. One point corresponds to a 300ϫ 300 nm 2 area. The ion dose given in ions/point has been calculated from the exposure time of the ion beam on one lattice point and the constant current of 6 pA. The exposure time amounts to 800 ns per point for the first area and has been doubled for each of the following areas. For the last area it amounts to 26 ms. The ion dose is also given in ions/ cm 2 ͑area dose͒ calculated for the number of ions impacted in the triangular shape of the impact point. The value pits/point shows qualitatively the change of the pit density for increasing ion dose. For areas with high ion dose, one deep pit and a few one monolayer deep pits are formed; thus we cannot give a reasonable value for the pit density. The column ions/pit is calculated by division of ions/point and pits/point.
Area
Ions serves that the nanopits are only a few nanometers wide and a line profile shows they are only one monolayer ͑0.34 nm͒ deep ͓Fig. 2͑c͔͒. These results are comparable with the results for nanopits produced in previous experiments. 6 Very different are the results for the areas structured with high ion doses over 100 000 ions/ point. For these areas we observed a volcano shape at each lattice point before oxidation ͓Fig. 3͑a͔͒, which is comparable with the earlier works. 1 The volcano shape is formed due to rearrangement of carbon and probably gallium ions around the focus point of the ion beam. The subsequent oxidation process forms deep broad pits ͓inset in Fig. 3͑a͔͒ . The depth of the pits amounts to 50 nm for areas [13] [14] [15] [16] . The pits are 100-200 nm wide for areas 13-15 and become wider for area 16 where the pits coalesce. Figure 3͑b͒ displays the representative for these areas, a three-dimensional ͑3D͒ image of a pit after oxidation in area 14. We observed an unusually steep border of the deep pits. Due to the properties of graphite, one may expect for deep structures oxidized on graphite a staircase shape, like a cascade of surface steps. But the experimental results suggest in contrast that the complete defect filled volume is oxidized. That can be compared to the formation of pits of two or more monolayers depth, as observed in other works. 15 In addition, the bottom of the pit is very smooth, probably because of a sharp limit for the penetration depth of the ions. We will discuss the oxidation process in more detail in Sec. IV.
For the areas between the two extremes, low and high ion doses ͑2000-60 000 ions/ point͒, we observed a continuous transition from one monolayer deep pits to several tens of nanometers deep pits. First, a few multilayer deep pits emerge. With increasing ion dose these pits coalesce and build wider and deeper pits. In area 12 the pits are 10 nm deep and 50 nm wide. Doubling the ion dose for area 13, the depth increases to 50 nm, as mentioned above. Before and after oxidation we observed for areas 7-12 a hill shape on 3 . ͑a͒ STM image of area 13 before oxidation ͑image size of 1000 ϫ 1000 nm 2 ͒. The irregular shape of the impact points and the line between two points emerge due to a distorted focus of the ion beam. The rearrangement of carbon and gallium atoms around the impact point causes the volcano shape. For a better display of the height differences, the image is rendered in 3D shading. The inset is a STM image ͑300ϫ 300 nm 2 ͒ of a pit within area 14 after oxidation. ͑b͒ A 3D image showing the pit shape, in particular, the steep walls and the flat bottom. The pit is 50 nm deep and 100-150 nm wide.
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Ghaleh et al. J. Appl. Phys. 101, 044301 ͑2007͒ the impact region with a height of a few nanometers, probably caused by integration of incident gallium ions into inner layers. The nanopit density between the lattice points decreases with increasing ion dose. One would expect the ion dose of this region should remain at least constant. A feasible explanation of this effect is based on the details of the oxidation process. The oxidation is supported by an oxygen reservoir adsorbed on the surface. 17 The large pits in the areas with higher ion doses consume the oxygen in their surroundings and thus the small defects cannot oxidize completely and do not get visible in the STM image.
B. Experiments with high resolution
A measurement with optimized focus of the ion beam ͑with a diameter of approximately 10 nm and beam blanking between the single points͒ reveals the resolution power of the FIB tool ͓Fig. 4͑a͔͒. The pattern is the same as mentioned in the last section, and the ion dose was chosen to be 1870 ions/ point based on the results of the experiments discussed above. In this experimental run the ion energy was reduced to 16 keV; however, this does not change the results observably. The STM image shows an array of defect points with a distance of 300 nm which is tilted at approximately 45°due to the orientation of the sample in the STM. Two natural defects of the HOPG sample are also visible. The white line is due to a subsurface defect which is not oxidized, and the black vertical line results from a surface defect, probably a grain border, which is oxidized. In the magnified image ͓Fig. 4͑b͔͒ one monolayer deep nanopits are visible around the main point. They show the distribution of single ions whose origin is not yet known. We suspect that, although we used beam blanking, they were caused by scattered ions which are, of course, unimportant for almost any other application. The single ion defects only become visible after oxidation. The line profiles show that the main pits are 20-30 nm wide and 5 nm deep. The true depth may be larger due to the finite STM tip size.
We repeated the experiment with the same parameters but with 35 keV Ga ions, as for the sample in Sec. III A, and a reduced point to point distance of 50 nm ͓Fig. 4͑d͔͒. The main pits, which are 20-30 nm wide and a few nanometers deep, are clearly separated and they have an irregular shape formed by the oxidation process. The one monolayer deep pits around the main pits are more visible than in Figs. 4͑a͒ and 4͑b͒ due to the smaller image size. Figure 5 illustrates the production of the defects and their expected influence on the formation of nanopits. An incident ion produces defects in the sample up to the maximal penetration depth d max . In the case of low ion intensity, each incident ion causes a few defects arranged in a line inside the sample ͓Fig. 5͑a͔͒. The defects on the surface affect only a few atoms and are not visible in large-scale STM images. The defect density is too small to cause a coalescence of the defects or the nanopits formed after oxidation. For these areas only the defects in the first monolayer oxidize and form nanopits, 18 which are visible in STM ͓Fig. 5͑b͔͒. Hence, these pits are only one monolayer deep. The defects in inner layers do not oxidize and are not visible in STM. We emphasize that the nanopits are caused by single ion defects and reflect the distribution of incident ions. In Table I the comparison of ion dose and pit density is given as the ratio ions/pit. In the case of the areas structured with low ion dose ͑areas 1-7͒, this ratio is comparable with previous results using the random impact of Ar ions 6 and amounts to approximately 10 ions/ pit. The scatter of this parameter for the different areas is due to the limited statistics. Thus areas 1-7 comprise the reasonable ion dose range for production of separated nanopits. Increasing the ion dose on one point causes a high defect density. For very high ion doses as used in areas 13-16, the incident ions produce a volume full of defects ͓Fig. 5͑c͔͒. The carbon atoms are displaced out of their crystalline lattice place, and the incident gallium ions are incorporated. One can estimate that 10 7 carbon atoms are located in a volume of ͑50 nm͒ 3 . For the areas with high ion dose starting at area 8, 10 3 -10 6 gallium ions have impinged on the substrate for one point. Hence, more space is needed due to the almost equal amount of gallium atoms compared to the carbon atoms. In addition, voids in the defective structure may increase the volume. Electronic effects in STM imaging also cannot be excluded. Thus a hill shape on the surface with a height up to 7 nm emerges. For the highest ion doses, the sputtering of atoms in the center of the point results in the volcano shape ͓cf. Fig. 3͑a͔͒ . The damaged volume is oxidized completely and a deep pit is formed as measured in STM, similar to the results for the impact of C 60 ions. 19 There are no entries for the pit density in Table I for areas 12-16 because one deep pit and a few smaller pits per point are observable and it is not reasonable to count the pits in that case. The measurement of the pit depth yields the maximal penetration depth of the gallium ions. Gierak et al. obtained a maximal value of 25 nm for the penetration depth by simulations. 1 This value is smaller than the pit depth of about 50 nm measured here, which may be due to the different ion energy of 30 keV used for the simulation compared to 35 keV as used here in the experiment. 20, 21 Samples structured with optimized ion focus exhibit nanopits with a diameter of 20-30 nm as discussed in Sec. III B. Regarding the ion dose per point, the areas structured with an ion dose of about 2000 ions/ point should have the same shape as area 7 in the first experiment ͑cf. Table I͒ . However, we observed for these samples deeper nanopits in contrast to area 7, where only a few multilayer deep pits are formed. The point dose specifies the number of ions impacted on one point of the lattice pattern. In contrast, the area dose specifies the number of ions per area, estimated from the shape of the main pits. It is dependent on the point dose as well as on the ion focus size, i.e., for the same point dose a better focus results in higher area dose. The area dose is the crucial parameter for the structure of the defects and the pit shape after oxidation. The area dose for the samples in Fig. 4 amounts to 4 ϫ 10 14 ions/ cm 2 ͑assuming a defective area with a diameter of about 25 nm͒. This is comparable to area 12 in the first experiments, where we indeed observed up to 10 nm deep pits. Considering the size of the ion focus, which has a diameter of approximately 10 nm, the area dose could be higher and achieve a value above 10 15 ions/ cm 2 , where the maximal penetration depth could be measured for the broad ion focus in Sec. III A. However, we cannot make a quantitative statement for the pit depth of the samples shown in Fig. 4 . Due to the small pit size, we cannot exclude an influence of the tip shape for the depth measurement.
IV. DISCUSSION
The diameter of the pits amounts up to 30 nm although the FIB resolution is about 10 nm. This deviation is caused by several factors. The ion beam resolution is given by the full width at half maximum ͑FWHM͒ of the ion distribution, but the ions in the outer region can also contribute to the pit diameter. In addition, the recoil atoms created by the scattering process form defects at a certain distance from the main impact point. This contribution of recoils is further increased when increasing the ion dose. Finally, the defects get enlarged by the oxidation process. The lateral size of the pits can be compared with the simulations without the oxidation process in Ref. 1 , which show that an ion beam of 8 nm FWHM produces defective areas of about 25 nm diameter. That is in good agreement with our measurement and shows that the oxidation process does not drastically increase the pit diameter.
V. CONCLUSION
We have combined the localized defect production using FIB on a HOPG surface with an oxidation process. The ion dose applied to each point in a 300ϫ 300 nm 2 lattice structure was varied more than four orders of magnitude from about 30 to 10 6 ions/ point. With high-resolution imaging of the resulting nanostructures using STM, we could distinguish three different regimes.
In the areas structured with low ion dose, we could not observe the single ion defects in large-scale STM images before oxidation, since the dimension of the defects was too small. Small images with atomic resolution would be needed to resolve them in STM. After oxidation these defects became visible in STM. The shape of the pits and the number of ions/pit were comparable to previous experiments using an unfocused argon ion beam. We could also show that it is possible to produce ordered arrays of nanopits using a low ion dose. FIG. 5 . Schematic representation of the defect formation and oxidation process. ͑a͒ For low ion dose, each incident ion causes a few defects arranged in a line inside the sample. ͑b͒ Only the defects in the first graphite layer oxidize and grow to nanopits. ͑c͒ For high ion dose, the ions produce a volume full of defects. ͑d͒ The whole volume is removed after oxidation. The depth of the oxidized volume is equal to the maximal penetration depth of the gallium ions.
With increasing ion dose, flat hill structures on each point of the lattice indicate the distribution of the incident ions in the beam. The oxidation process enhanced the visibility of this shape. This can be used to characterize and optimize the ion beam.
For higher ion dose the rearrangement of atoms around the impact point before oxidation formed a hill or volcano shape. The whole defective volume was etched by the oxidation and thus we could produce well defined pits with steep borders and an almost smooth bottom. The measurement of the pit depth enables a direct determination of the maximal penetration depth of incident ions.
A structuring with optimized ion focus showed the resolution power of the FIB tool. We could reduce the pitch between the pits to 50 nm. A pit width after oxidation of 20-30 nm is in agreement with an ion beam FWHM below 10 nm.
In the future we will examine the growth of metal nanostructures on these pit arrays. First results already show that ordered arrays of nanopits can be used as nucleation centers for cluster growth. In addition, metal deposition on surfaces with deeper pits enabled the growth of larger metal islands ordered in a regular pattern.
